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Abstract. The impact of climate change on surface ozone
over Europe was studied using four ofﬂine regional chem-
istry transport models (CTMs) and one online regional inte-
grated climate-chemistry model (CCM), driven by the same
global projection of future climate under the SRES A1B sce-
nario. Anthropogenic emissions of ozone precursors from
RCP4.5 for year 2000 were used for simulations of both
presentandfutureperiodsinordertoisolatetheimpactofcli-
mate change and to assess the robustness of the results across
the different models. The sensitivity of the simulated sur-
face ozone to changes in climate between the periods 2000–
2009 and 2040–2049 differs by a factor of two between the
models, but the general pattern of change with an increase
in southern Europe is similar across different models. Emis-
sionsofisoprenediffersubstantiallybetweendifferentCTMs
ranging from 1.6 to 8.0Tgyr−1 for the current climate, partly
due to differences in horizontal resolution of meteorologi-
cal input data. Also the simulated change in total isoprene
emissions varies substantially across models explaining part
of the different climate response on surface ozone. Ensem-
ble mean changes in summer mean ozone and mean of daily
maximumozonearecloseto1ppb(v)inpartsofthelandarea
insouthernEurope.Correspondingchangesof95-percentiles
of hourly ozone are close to 2ppb(v) in the same region. In
northern Europe ensemble mean for mean and daily max-
imum show negative changes while there are no negative
changes for the higher percentiles indicating that climate im-
pacts on O3 could be especially important in connection with
extreme summer events.
1 Introduction
Despite signiﬁcant control efforts, air pollution is still a ma-
jor problem in Europe. During the last decades, target val-
ues have been frequently exceeded for ozone (O3), nitrogen
dioxide(NO2)andPM10 inmanyEuropeancities,andforO3
alsoinruralareas(EEA,2003).Changingpatternsoftemper-
ature, wind and precipitation will affect the chemistry of air
pollutants, their emission, transport, concentration, deposi-
tion, exposure and effects (DEFRA, 2007; Andersson et al.,
2007; Ellingsen et al., 2008; Hedegaard et al., 2008; Isak-
sen et al., 2009 and references therein; Royal society, 2008).
Conversely changes in concentrations of air pollutants can
also affect the radiation balance and emissions of particulate
matter can have impacts on the radiative properties and life
cycle of clouds (IPCC, 2007). The Nordic countries and the
Arctic region are affected by long-range transport of air pol-
lutants from the main source regions in continental Europe.
Changes in atmospheric circulation due to climate change
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can therefore affect future levels of air pollution and depo-
sition (see e.g. AMAP, 2011). Changes in meteorological
conditions can also inﬂuence local dispersion and deposition
conditions to vegetation and thereby inﬂuence the effects of
both long-range transported and locally emitted air pollutants
on human health and ecosystems.
The link between climate change and air pollution in Eu-
rope has been assessed in several recent studies using re-
gional CTMs (e.g. Langner et al., 2005; Forkel and Knoche,
2006, 2007; Meleux et al., 2007; Giorgi and Meleux, 2007;
Hedegaard et al., 2008; Andersson and Engardt, 2010; Ka-
tragkou et al., 2011). Model assessments of air quality re-
sponding to a changing future climate indicate that some
parts of Europe are expected to typically be both warmer
and have higher O3 levels. O3 impacts on vegetation and tree
growth may increase in a warmer and more humid climate
due to changes in growing season and increased stomatal up-
take (also in view of rising background O3 concentrations,
e.g. Ashmore, 2005). Impaired photosynthesis and biomass
accumulation can also lead to reduced carbon sequestration
(Sitch et al., 2007).
Regional ofﬂine atmospheric chemistry models, CTMs,
have been developed for European applications for more than
three decades and have been used extensively as tools to pro-
vide a basis for decisions on successful emission controls of
sulfur, nitrogen and volatile organic compounds in Europe.
Despite this long development there is still considerable un-
certainty in model predictions of air quality and deposition in
Europe due to incomplete scientiﬁc knowledge about basic
processes and model approximations and insufﬁcient or poor
quality input data. Recently a new generation of online in-
tegrated climate-chemistry models are being applied for Eu-
rope (EuMetChem, http://www.eumetchem.info/). A number
of models with various levels of online coupling between the
chemistry and atmospheric dynamics have been developed
to investigate the interactions between climate and air qual-
ity (Zhang, 2008; Alapaty et al., 2011). Online models di-
rectly transmit meteorological ﬁelds produced by the climate
model to a chemistry module, calculate the concentration of
climate-relevant tracers and further (at the same time step)
deliver these ﬁelds back to calculate their feedbacks on the
meteorological ﬁelds. The radiative forcing of these tracers
then feeds back into the climate model to affect tempera-
tures and regional circulation. Computational constraints and
physical/chemical complexity has prevented the widespread
implementation of high-resolution, global coupled climate-
chemistrymodelsforlong-termclimateintegrations.Todate,
only a few regional climate models (RCMs) include online
coupling with a range of chemical complexity (Giorgi et al.,
2002; Solmon et al., 2006; Jacobson et al., 2007; Zhang et
al., 2010; Shalaby et al., 2012).
Several multi-model studies of atmospheric chemistry and
long-range transport of air pollution in Europe have been car-
ried out over the last decade (e.g. Vautard et al., 2006, 2007,
2009; van Loon et al., 2007; Cuvelier et al., 2007; Thunis et
al., 2007; Colette et al., 2011). These studies have focused
on establishing the robustness of model predictions in the
present climate. Here we, for the ﬁrst time, assess the com-
bined uncertainty of predicting the future climate and pre-
dicting the atmospheric chemistry and long-range transport
of O3 over Europe. This study takes a multi-model approach
using four state-of-the-art ofﬂine CTMs and one online inte-
grated climate-chemistry model (CCM) to assess the uncer-
tainty/robustness of model predictions of future surface O3
over Europe. Speciﬁcally we want to evaluate the sensitivity
of simulated surface O3 concentrations to changes in climate.
In order to facilitate the analysis of differences between mod-
els, and isolate the impacts of meteorological changes, we
have chosen to keep anthropogenic emissions at current lev-
els. This choice also enables comparison to earlier studies
using single CTMs and a similar setup. A full assessment of
future surface O3 concentrations also needs to take into ac-
count changes in anthropogenic emissions. This will be the
target for future studies using the present model ensemble.
2 Methods
The model chain used in this study is illustrated in Fig. 1.
The chain starts with the selection of a socio-economic emis-
sion scenario which is fed into a global climate model, GCM,
to generate a climate projection. The same global climate
projection has been the basis for all the hemispheric and re-
gional scale simulations performed in this study. The mete-
orological data from the GCM are then used in an ofﬂine
hemispheric chemical transport model, CTM, and as bound-
aries in a regional climate model, RCM. The output from the
hemispheric CTM and the RCM is ﬁnally used to drive re-
gional ofﬂine CTMs for the European domain. Emissions of
anthropogenic O3 precursors from the same data base are fed
both into the hemispheric CTM and the regional CTMs. In
this study we have also utilized one online climate-chemistry
model which simulates its own regional climate using the
GCM climate and hemispheric CTM output on its bound-
aries. Two 10-yr time periods were studied, a reference pe-
riod, 2000–2009, and a future period, 2040–2049.
2.1 Climate projection
The climate projection used in this study is from the
ECHAM5 model (Roeckner et al., 2006a, b, c). The RCM
used to downscale the GCM projection is the Rossby Centre
Regional Climate model version 3, RCA3. Model descrip-
tion and evaluation of different aspects of both current and
future climate simulated with RCA3 is given by Samuelsson
et al. (2011) and Kjellstr¨ om et al. (2011). The projection used
here is the downscaling named ECHAM5 A1B-r3 by Kjell-
str¨ om et al. (2011). The climate projection was derived using
the SRES A1B emission scenario (Naki´ cenovi´ c et al., 2000).
Six-hourly meteorological output on 21 model levels as well
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Fig. 1. Model chain used in the study.
as a range of output variables at the surface were stored from
the RCA3 simulations to be used in the ofﬂine CTM mod-
elling. The horizontal resolution of RCA3 was 0.44◦ ×0.44◦
(ca. 50×50km2) on a rotated latitude longitude grid.
The climate as downscaled by RCA3 carries on broad fea-
tures of the climate simulated by the parent GCM. The aver-
age temperature change in the period 2000–2040 for the Eu-
ropean model domain in the downscaled ECHAM5 A1B-r3
is 1.27 ◦C. This climate projection has a temperature change
until the period 2041–2070 close to the average of an en-
semble of 16 different projections downscaled from different
GCM runs by RCA3 over Europe (Kjellstr¨ om et al., 2011).
The mean absolute error for temperature and precipitation
over land areas for June-August for the period 1961–1990
is 1.05K and 38.9% respectively when comparing to ob-
servations (Kjellstr¨ om et al., 2011). The corresponding bi-
ases when forcing RCA3 with ERA40 on the boundaries
are 0.60K and 41.3%. Figure 2 shows the change between
2000–2009 and 2040–2049 for April–September in two me-
ter temperature, precipitation, sunshine duration and relative
humidity at two meter simulated by RCA3. Apart from in-
creases in temperature the climate projection shows an in-
crease in summer precipitation in large parts of northern Eu-
rope extending also over Poland and Germany while precip-
itation generally decrease in southern Europe. Connected to
this is also a summer decrease in sunshine duration in north-
ern Europe and increase in southern Europe with a simi-
lar spatial pattern as for precipitation. Changes in relative
humidity at the surface also show a similar pattern, but in
addition relative humidity also generally increases over the
oceans including the Mediterranean.
2.2 Emission data
Anthropogenic emissions of nitrogen oxides (NOx), sulfur
dioxide (SO2), ammonia (NH3), non-methane hydrocarbons
(NMVOC)andcarbonmonoxide(CO)usedinallmodelsim-
ulations were taken from the RCP4.5 scenario (Thomson et
al., 2011). The RCP scenarios have been developed as a re-
placement of the SRES scenarios and are now the basis for
Fig. 2. Simulated April–September change 2000–2009 to 2040–
2049 in two meter temperature, precipitation, sunshine duration and
relative humidity at two meter simulated by RCA3. Units ◦C and %.
currentmodellingactivitiesintheclimatemodellingcommu-
nity. In this study we used constant emissions for year 2000
which are actually based on historic information (Lamar-
que et al., 2010). The speciﬁcation for the model runs stip-
ulated that the same annual anthropogenic emissions from
the RCP4.5 should be used. The process for interpolating the
data is however model speciﬁc. All models except EnvClimA
employed, monthly, daily and hourly cycles to describe the
temporal variation of the emissions. In the vertical all mod-
els allocated emissions throughout the bottom layers of the
models according to their SNAP sectors.
Biogenic emissions of isoprene (C5H8) were implemented
differently in the different CTMs (see model descriptions be-
low) and therefore resulted in different emissions. This in-
volves also the use of different databases for land-use and
vegetation. Figure3 shows theseasonal variationof theemis-
sions simulated in different models as an average for the ref-
erence period. The seasonality of emissions is similar with
highest emissions in July except for MATCH which have the
highest emissions in August. Three global models presented
by Arneth et al. (2011) also displayed a maximum in July.
Table 1 summarizes the emissions of isoprene in the models
averaged for the reference and future periods. As can be seen
emissions increase with time as the climate gets warmer. In
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Table 1. Annual biogenic emissions of isoprene in models.
Model Emission (Gg yr−1) Emission (Gg yr−1)
2000–2009 2040–2049
DEHM 8018 9910
EnvClimA 125∗ 125∗
EMEP 3405 4114
SILAM 4080 5139
MATCH 1592 1917
∗ Isoprene emissions from forest ﬁres and biomass burning (RCP 4.5) was
included in the EnvClimA simulations.
Fig. 3. Simulated seasonal variation in biogenic isoprene emissions
as an average for 2000–2009. Units Ggmonth−1.
all of the models except for EnvClimA, changes of temper-
ature and solar radiation drive the C5H8 emission changes.
None of the models accounts for the possible inhibiting ef-
fect of CO2 changes or changes in land-use as discussed by
e.g. Arneth et al. (2007) and Lathei` ere et al. (2010). Dif-
ferences between the models are about a factor of ﬁve and
illustrate the current large uncertainty in predictions of iso-
prene emissions over Europe. Similar problems have been
found on larger scales: in an ensemble with global CTMs the
global total of isoprene emissions ranged 220–631TgCyr−1
(Stevenson et al., 2006). The reliability of the empirically-
based methods used in the different models is conditioned by
the availability of measurements and there are considerable
uncertainties in predicting changes under environmental con-
ditions outside the range used to derive the empirical models
(Paciﬁco et al., 2009).
Apart from differences in methodology differences in the
temperature ﬁelds used in the model simulations also has a
large effect for the simulated isoprene emissions. The tem-
perature ﬁelds used in DEHM has a much coarser horizon-
tal resolution compared to the ﬁelds derived from the down-
scaling by the RCM used by the other CTMs, Fig. 4. This
means that the topography is much smoother in the global
data resulting in higher temperatures in areas with substan-
tial topography. The global model data also shows a broader
maximum in southern Europe while the data downscaled by
Fig. 4. Temperature change between the periods 2000–2009 and
2040–2049 for April–September simulated with ECHAM5 A1B-r3
(left) and downscaling of the same simulation with RCA3 (right).
Units: ◦C.
RCA3 put the temperature change more over land (Fig. 4).
The average temperature change for the whole grid is also
larger in the original global data compared to the downscaled
version by 0.12 ◦C.
2.3 Boundary conditions
Chemical boundary conditions at lateral and top bound-
aries of the regional models for the following 22 chemi-
cal components were provided by the hemispheric DEHM
model; NO, NO2, O3, CO, HCHO, PAN, HNO3, H2,
CH4, CH3CHO, C2H6, C5H8, nC4H10, o-Xylene, SO2,
NH3, N2O5, SO2−
4 (sulphate or sulphuric acid), NH4NO3,
aerosolnitrate,NH4HSO4,(NH4)2SO4.Secondaryinorganic
aerosols were included in the boundary conditions in order to
enable also a future study of nitrogen deposition. The bound-
ary values taken from DEHM were updated every 6 hours
and interpolated from the DEHM resolution to the respec-
tive geometry of each regional CTM. However, the online
integrated climate-chemistry model EnvClimA which was
run on a larger model domain used monthly mean boundary
conditions from DEHM. To ensure consistency, the ofﬂine
DEHM model was operated with global ECHAM5 A1B-r3
meteorology and also using the global RCP4.5 emissions
valid for year 2000. Boundary conditions for other chem-
ical components were speciﬁed by each modelling group
as their best estimate of the model boundary at ca. 2000.
The vertical discretization differs between the different mod-
els. The EnvClimA, EMEP, SILAM and MATCH models
use vertically interpolated lateral chemical boundary condi-
tions calculated by the DEHM model. In EMEP, SILAM and
MATCH the data from DEHM is also used to set boundary
conditions at the top of the model domain and therefore re-
ﬂect the stratosphere-troposphere exchange simulated by this
model while EnvClimA includes both the troposphere and
the lower and middle stratosphere and therefore treat trans-
port of stratospheric ozone to the troposphere internally.
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2.4 Model descriptions
2.4.1 The DEHM model
The Danish Eulerian Hemispheric Model (DEHM) is a three-
dimensional, Eulerian, CTM (Christensen, 1997; Frohn et
al., 2002a, b; Frohn, 2004; Brandt, 2012) developed at
the Danish National Environmental Research Institute (now
Aarhus University). The model domain covers most of the
Northern Hemisphere, discretized on a polar stereographic
projection, and includes the possibility of a two-way nesting
procedure with several nests with higher resolution over Eu-
rope, Northern Europe and Denmark (Frohn et al., 2002a).
The boundary conditions depend on the wind direction. Free
boundary conditions are used for areas where mass is trans-
ported out of the domain and elsewhere the boundary condi-
tions are set to an annual average background value. For O3,
the initial and boundary conditions are based on ozonesonde
measurements, interpolated to global monthly 3-D values
with a resolution of 4×5 degrees (Logan, 1999).
Originally DEHM is based on a chemical scheme by
Strand and Hov (1994), which has been extended with a
detailed description of the ammonia chemistry through the
inclusion of NH3 and related species: ammonium nitrate
(NH4NO3), ammonium bisulphate (NH4HSO4), ammonium
sulphate ((NH4)2SO4) and particulate nitrate (NO−
3 ) formed
from nitric acid (HNO3). Furthermore, reactions concerning
the aqueous phase production of particulate sulphate have
been included. Several of the original photolysis rates as well
as rates for inorganic and organic chemistry have been up-
dated with rates from the chemical scheme applied in the
EMEPmodel(Simpsonetal.,2003a).Thecurrentmodelver-
sion includes 58 gas phase chemical compounds (including
NOx, SOx, NMVOC, NHx, CO, etc.) and 9 classes of par-
ticulate matter (PM2.5, PM10, TSP, sea-salt <2.5µm, sea-
salt >2.5µm, smoke from wood stoves, fresh black carbon,
aged black carbon, and organic carbon). One of the particle
classes, the fraction of sea-salt <2.5µm, is not included in
this version of the model. DEHM includes 122 chemical re-
actions.
Dry deposition is parameterized similar to the EMEP
model (Simpson et al., 2003b; Emberson, 2000) except for
the dry deposition of species on water surfaces where the
deposition depends on the solubility of the chemical specie
and the wind speed (Asman et al., 1994; Hertel et al., 1995).
Wet deposition includes in-cloud and below-cloud scaveng-
ingandiscalculatedastheproductofscavengingcoefﬁcients
and the concentration.
The natural emissions of VOCs (isoprene) are calculated
dynamically in the model according to the IGAC-GEIA
biogenic emission model (International Global Atmospheric
Chemistry – Global Emission Inventory Activity) (Guenther
et al., 1995). Besides isoprene, other naturally emitted VOCs
like for example terpenes are not included in the current
model version. Natural emissions of NOx from lightning and
soil as well as natural emissions of NH3 from soil/vegetation
based on GEIA (Global Emission Inventory Activity) are
also included. In the model run used as boundary condi-
tions for the other CTMs (Fig. 1) also natural emissions from
biomass burning was included.
Evaluation of the DEHM model for previous simulations
of surface ozone can be found in Geels et al. (2005), Hede-
gaard et al. (2008) and Brandt et al. (2012).
2.4.2 The DMI modelling framework
In this study the DMI online integrated climate-chemistry
model (EnvClimA) has been applied considering the ozone
feedback on meteorology. The EnvClimA is a new online
climate-chemistry model based on the International Cen-
tre for Theoretical Physics (ICTP) regional climate model
(RegCM-CHEM4, Shalaby et al., 2012). The updated ver-
sion of the EnvClimA model includes aerosol-chemistry-
dynamics modules and a new cloud scheme as well as the
direct and indirect aerosol effects. EnvClimA is considered
as the climate version of Enviro-HIRLAM. The dynamical
core of EnvClimA is that of RegCM and does not include,
in comparison with Enviro-HIRLAM, the NWP rerunning
and data assimilation routines, making it computationally
faster and more efﬁcient for climate studies. Both EnvClimA
and Enviro-HIRLAM use the same aerosol-chemistry, gas-
phase chemistry, feedbacks and cloud scheme. However, in
this study only gas-phase species and their direct effects on
meteorological variables were considered. The main differ-
ences between the EnvClimA and RegCM4-CHEM are that
photolysis rates are calculated by different methods and that
ozone feedback on the meteorology is not taken into account
in RegCM4-CHEM yet, while it is considered in EnvClimA.
Tropospheric gas-phase chemistry is integrated into the
climate model using the condensed version of the Carbon
Bond Mechanism (CBM-Z; Zaveri and Peters, 1999) with
lumped species that represent broad categories of organics
based on carbon bond structure with a fast Radical Balance
Method (RBM). The computationally rapid RBM of Sill-
man (1991) and Barth et al. (2003) is coupled as a chemi-
cal solver to the gas-phase mechanism. Photolysis rates are
determined as a function of meteorological and chemical in-
puts and interpolated from an array of pre-determined val-
ues based on the Tropospheric Ultraviolet-Visible Model
(Madronich and Flocke, 1999) with cloud cover corrections
by (Chang et al., 1987). Cloud optical depths and cloud alti-
tudes from EnvClimA are used in the photolysis calculations,
thereby directly coupling the photolysis rates and chemical
reactions to meteorological conditions at each model time
step.
Dry deposition velocities for 31 gaseous species are cal-
culated from a “big leaf” multiple resistance model (Wesely,
1989; Zhang et al., 2002, 2003) with aerodynamic, quasi-
laminar layer, and surface resistance acting in series. The
processes assume 20 land-use types and make a distinction
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between uptake resistance for vegetation, soil, water, snow
and ice. In the dry deposition scheme we consider both stom-
ata and non-stomata resistances, which are necessary as the
stomata uptake occurs only during the daytime for most
chemical species. The aerodynamic resistance is calculated
from the model boundary layer stability, wind speed and sur-
face roughness, where a quasi-laminar surface layer is incor-
porated.
In the current simulations of EnvClimA biogenic isoprene
emissions were not considered. The isoprene emission us-
ing the MEGAN module (Guenther et al., 2006), which is
online coupled with the land surface model in EnvClimA,
is believed to be too high (Rinne et al., 2009). Half of the
emitted isoprene emission from MEGAN would give reason-
able results for O3 concentrations. We are in the processes
to improve this issue as future work in the model. Because
EnvClimA is a limited-area model, meteorological lateral
boundary forcings are required. For the present and future
simulation here, initial and lateral boundary conditions for
the meteorological ﬁelds are provided by the global model
ECHAM5 A1B-r3 every six hours.
2.4.3 The EMEP/MSC-W model
The EMEP MSC-W model is a CTM developed at the EMEP
Meteorological Synthesizing Centre-West (EMEP MSC-W)
at the Norwegian Meteorological Institute. The model is
a development of the 3-D model of Berge and Jakobsen
(1998), extended with photo-oxidant and aerosol chemistry
(Andersson-Sk¨ old and Simpson, 1999; Simpson et al., 2012).
The methodology for biogenic emissions used in the
EMEP model has undergone a substantial update during
2011, now building upon maps of 115 forest species gen-
erated by K¨ oble and Seufert (2001). Emission factors for
each forest species and for other land-classes are based upon
Simpson et al. (1999), updated with recent literature (see
Simpson et al. (2012) and references therein), and driven by
hourly temperature and light using algorithms from Guenther
et al. (1995). Other natural emissions include marine emis-
sions of dimethlysulﬁde, and SO2 from volcanoes.
Dry deposition is calculated using a resistance analogy
combined with stomatal and non-stomatal conductance al-
gorithms (e.g. Simpson et al., 2003a; Tuovinen et al., 2004),
whereas wet deposition uses scavenging coefﬁcients applied
to the 3-D rainfall. The model has traditionally been used at
50×50km2 resolution over Europe, but is ﬂexible with re-
spect to input meteorological data and domain, with appli-
cations ranging from 5×5km2 over the UK (Vieno et al.,
2010) to 1◦ ×1◦ globally (Jonson et al, 2010a, b). Full details
and evaluation of the EMEP model are given in Simpson et
al. (2012).
2.4.4 The SILAM model
The modelling tool used in this study is the System for In-
tegrated modeLling of Atmospheric coMposition, SILAM
(Soﬁev et al., 2006, 2008). Its dynamic core currently in-
cludesbothEulerianandLagrangianadvection-diffusionfor-
mulations. The Eulerian core used in the current study is
based on the transport scheme of Galperin (2000) which
incorporates the horizontal diffusion term and is combined
with the extended resistance analogy of Soﬁev (2002) for
vertical diffusion. The system includes a meteorological pre-
processor for evaluation of basic features of the boundary
layer and the free troposphere using the meteorological ﬁelds
provided by numerical meteorological models (Soﬁev et al.,
2010).
Physical-chemical modules of SILAM include several tro-
pospheric chemistry schemes, description of primary anthro-
pogenic and natural aerosols and radioactive processes. The
current study utilises the Carbon Bond 4 (CB4) (Gery et al.,
1989) chemical mechanism and the removal processes are
described via dry and wet deposition. Dry deposition is de-
scribed according to Slinn and Slinn (1980) and Soﬁev et
al. (2008). Wet deposition distinguishes between sub- and in-
cloud scavenging by both rain and snow (Soﬁev et al., 2006;
Horn et al., 1987; Smith and Clark, 1989; Jylh¨ a, 1991).
For the current study, emission of two sets of natural com-
pounds is embedded into the dynamic simulations: biogenic
VOC and sea salt (Soﬁev et al., 2011). The biogenic VOC
computations follow the NATAIR model approach (Poup-
kou et al., 2010) and the basic land-use features from the
USGS classiﬁcation, providing isoprene and mono-terpene
emissions (currently, only isoprene emission is used in the
CB4 mechanism). Evaluation of the SILAM model for pre-
vious simulations of surface ozone can be found in Solazzo
et al. (2012).
2.4.5 The MATCH model
The regional ofﬂine Eulerian CTM MATCH is developed at
the Swedish Meteorological and Hydrological Institute. The
model structure, boundary layer parameterization, advection
scheme and numerical treatment are given in Robertson et
al. (1999).
The chemical scheme in MATCH, based on Simpson
et al. (1993), with extensions described in Andersson et
al. (2007), considers about 70 species and 130 chemical re-
actions including the relevant photochemistry for ozone. The
dry deposition of gases and aerosols is calculated using a re-
sistance approach depending on land surface type. The wet
scavenging is assumed to be proportional to the precipita-
tion intensity for most gaseous and aerosol components. For
O3, hydrogen peroxide (H2O2) and SO2 in-cloud scavenging
is calculated assuming Henry’s law equilibrium; sub-cloud
scavenging is neglected for these species. Important model
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Table 2. Model characteristics.
Model Type Horizontal grid Lowest model Model # Meteorological
layer (m) top (km) levels input data
DEHM Eulerian/Ofﬂine 150 km × 150 km polar stereographic 60 16 20 ECHAM5 A1B-r3 (global data)
EnvClimA Eulerian/Online 50km × 50km Lambert 50 20 18 ECHAM5 A1B-r3 (global data)
EMEP Eulerian/Ofﬂine 0.44◦ × 0.44◦ rotated latitude longitude 90 16 20 ECHAM5 A1B-r3 RCA3
SILAM Eulerian/Ofﬂine 0.44◦ × 0.44◦ rotated latitude longitude 25 10 10 ECHAM5 A1B-r3 RCA3
MATCH Eulerian/Ofﬂine 0.44◦ × 0.44◦ rotated latitude longitude 60 5.5 15 ECHAM5 A1B-r3 RCA3
parameters, such as dry deposition velocities and scavenging
coefﬁcients are tabulated in Andersson et al. (2007).
Emission of biogenic isoprene is calculated online in
MATCH following Simpson et al. (1995).
Evaluation of the MATCH model for previous simulations
of surface ozone can be found in Langner et al. (2005), An-
dersson et al. (2007) and Andersson and Engardt (2010).
2.5 Model setup
Table 2 summarizes information on the setup of the differ-
ent models. Although all models have used the same basic
climate projection and the same anthropogenic ozone pre-
cursor emissions, three of the models, MATCH, EMEP and
SILAM have been run with identical meteorological input
data downscaled with RCA3 using the same horizontal grid;
the same 3-D chemical boundary conditions generated by
the DEHM model and the same anthropogenic emission data
from RCP4.5. However, the vertical discretization was left
free to each model. It should be noted that the meteorologi-
cal input available from the RCA3 downscaling of ECHMA5
A1B-r3 lacks some ﬁelds normally used in the standard ap-
plication of the different models, in particular 3-D precip-
itation, and also has a horizontal grid which is different.
Duetocomputationandstorageconstraintsozoneoutputwas
stored every six hours from EnvClimA, while the other mod-
els stored ozone output at one hour time resolution.
3 Results
3.1 Comparison to observations
In Table 3 we compare the performance of the four CTMs
and the CCM (EnvClimA) at EMEP stations throughout Eu-
rope. The locations of the stations and the observed values
are plotted in Figs. 7 and 8. The observations are averaged
over the period 1997–2003 to be centred on the year of emis-
sions (2000) while the model data are taken from simulations
forced by climate model data covering the reference period,
2000–2009. We have evaluated the models’ capabilities to
reproduce diurnal average and average of daily maximum
O3 concentration over the full year and during summer time
(April–September). Note also that the results for EnvClimA
are based on instantaneous data every six hours while the re-
sults from all other models are based on hourly averages and
that anthropogenic emissions in EnvClimA lack seasonal and
diurnal variations. While the observations are typically taken
at ∼3m height, the model data are from the lowest model
layers (typically 25m to 90m thick, see Table 2) – making
the model results not strictly comparable to each other. The
DEHM model also features larger horizontal grid squares
(150×150km2) than the other models – which all operate
on a horizontal grid of ca. 50×50km2.
For yearly averages EnvClimA has a negative bias for
both mean and daily maximum O3 exceeding 20%. This
may be due to underestimation in the winter temperature
in the downscaling by EnvClimA (not shown) over north-
east Europe. For the summer period the bias is reduced to
−6.7% for the mean which is similar to the DEHM model
(−5.5%) model. Both DEHM and EnvClimA also underes-
timate the daily maximum concentration in summer consid-
erably (−19.2 and −17.1% respectively). The negative bias
in EnvClimA is also partly related to the use of six-hourly
O3 output data, the lack of diurnal cycles in emissions and
the omission of biogenic isoprene emissions. SILAM and
EMEP overestimate the diurnal average concentration but
this overestimation would be reduced if concentrations had
been extrapolated to three meter level. The MATCH model
has a slight positive bias for mean concentrations and a nega-
tive bias for mean of daily maximum. For all models the bias
changes in the negative direction when going from mean to
daily maximum values, which results in a general underesti-
mation of the highest values in all models.
The spatial correlation, in all models, is rather poor (0.4–
0.6) for the diurnal average annual mean concentration, but
for the average of daily maximum O3 concentration all mod-
els display correlation coefﬁcients larger than 0.8 during
summer. The gradients in ozone concentrations across Eu-
rope are larger during summer due to a stronger photochem-
ical activity resulting in higher concentrations in continental
and southern Europe. The models seem to capture a substan-
tial part of these gradients and the spatial correlation there-
fore improves for the summer season. The EnvClimA model
features similarly high correlation as SILAM but has the
largest RMSE of the high resolution models, while SILAM
has among the lowest.
Figure 5 shows the seasonal cycle of simulated monthly-
mean (24h average) O3 concentrations at EMEP sites in
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Table 3. Statistical evaluation of model results for surface O3
∗.
Annual mean AMJJAS mean Annual daily max AMJJAS daily max
Meanppb(v)
Observations 30.8 36.4 41.6 49.6
DEHM 28.9 34.2 34.5 40.1
EnvClimA 24.6 34.0 30.3 41.1
EMEP 36.1 42.4 42.4 49.0
SILAM 34.8 42.3 40.4 48.0
MATCH 31.4 37.3 39.9 45.4
Bias %
DEHM −2.9 −5.5 −16.9 −19.2
EnvClimA −20.2 −6.7 −27.2 −17.1
EMEP 17.3 16.4 2.0 −1.1
SILAM 13.1 16.1 −3.0 −3.2
MATCH 2.1 2.3 −3.9 −8.4
Spatial correlation
DEHM 0.53 0.64 0.67 0.84
EnvClimA 0.60 0.78 0.79 0.90
EMEP 0.43 0.69 0.67 0.85
SILAM 0.60 0.75 0.83 0.91
MATCH 0.56 0.63 0.68 0.82
RMSEppb(v)
DEHM 3.9 5.7 7.7 10.5
EnvClimA 7.2 4.9 11.6 9.1
EMEP 6.8 7.8 3.3 4.2
SILAM 5.4 7.5 2.8 4.0
MATCH 3.8 5.4 3.5 6.1
# stations 59 63 59 61
Temporal correlation for monthly average variations in each quadrant of the simulation domain
NW NE SW SE
DEHM 0.95 0.96 0.97 0.97
EnvClimA 0.85 0.71 0.93 0.93
EMEP 0.96 0.92 0.95 0.94
SILAM 0.95 0.86 0.97 0.96
MATCH 0.95 0.97 0.97 0.98
∗ Model results are for lowest model level. Observations are for the period 1997–2003. Sites at an elevation deviating more
than 250 m from the model height or with a data capture less than 90% and ﬁve years were excluded from the evaluation.
Results for EnvClimA are based on instantaneous 6-hourly data.
Europe averaged over the reference period (2000–2009)
compared to observations averaged over the period 1997–
2003. The average seasonal variation of the stations in each
quadrant of the simulation domain is shown. Station loca-
tions are shown in Fig. 6. Temporal correlations for the dif-
ferent models and areas are given in Table 3. Most models
reproduce the broad summer maximum in the south and all
models have temporal correlations that are higher than 0.93
for SW and SE stations. EnvClimA has lower correlation
than the other models for NW and NE. This is connected
to the lack of a spring peak in ozone in EnvClimA. The posi-
tive bias in average ozone in EMEP and SILAM (cf. Table 3)
is most pronounced in the north-western and north-eastern
part of the domain. SILAM overestimates average O3 during
summer and autumn throughout the domain. EMEP is the
only model to exhibit a local minimum in June–July. This is
also seen in the observations for the different quadrants. This
minimum in the EMEP results is rather the gap between two
maxima – that associated with the springtime peak of ozone
seen across much of the continent (as discussed by Monks,
2000) and the later summertime peak arising from increased
Europe-scale photochemistry. This point was also noted in
Colette et al. (2011).
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Fig. 5. Model simulated and observed seasonal cycle of monthly
average surface O3 concentrations for each quadrant of the simula-
tion domain. Observations are averages for the period 1997–2003
and for stations indicated in Figure 6. The number of stations in
each quadrant is (a) 24, (b) 26, (c) 14 and (d) 17. Model results are
for the reference period, 2000–2009, using meteorology from each
CTM’s driving climate model (ECHAM5 A1B-r3, ECHAM5 A1B-
r3 and 3×ECHAM5 A1B-r3-RCA3), and are from lowest model
layer, ca. 25–45 m height. Unitsppb(v).
EnvClimA generally underestimates ozone concentra-
tions, especially during winter and in north-east Europe, con-
nected to the bias in winter temperature discussed earlier.
MATCH and DEHM feature similar temporal and spatial
variations, with overestimations of average O3 concentra-
tions during summer and autumn in the north-western part of
the domain and underestimations in the south-western part of
the domain during all seasons except summer.
3.2 Current situation
Figure 7 shows summer time (April–September) diurnal av-
erage O3 concentration in the lowest model layer, as simu-
lated by the ﬁve models. The general features, with higher
O3 concentrations in the south, especially over the Mediter-
ranean Sea, are evident in all models. MATCH and EMEP
have more pronounced differences between O3 over land
and sea than the other models. SILAM calculates the high-
est ozone concentrations over south European land masses,
while MATCH features the lowest concentrations in south-
ern Europe, includingthe MediterraneanSea. EnvClimAfea-
tures the lowest concentration in north-east Europe.
Figure 8 shows modelled summer time averages of daily
maximum O3 concentrations across Europe. In the evalua-
tion above, both SILAM and EMEP performed very well for
this measure, with absolute biases of ∼3% and spatial cor-
relations of 0.85 or higher. In Fig. 8 SILAM features higher
values in the northern and eastern part of the domain and
over Italy, while EMEP displays higher values over to the
westandoverwater.EnvClimAdisplaysazonalbehaviourof
Fig. 6. Colour coded locations of the stations in each model quad-
rant used to derive the seasonal variation plots in Fig. 5 in the paper.
average daily maximum concentrations while DEHM, as ex-
pected, shows the smoothest variation with high daily max-
imum concentrations over Italy and adjacent areas of the
Mediterranean Sea. MATCH, on the other hand, shows a
patchy picture, indicating shorter residence time of high O3
and/or strong effects of local processes which are not present
to the same extent in the other models.
3.3 Climatically induced changes in ozone
concentrations
Figure 9 shows the modelled change in average summer
time O3 concentration from the reference period to the fu-
ture period. Only results that are statistically signiﬁcant at
the 95% level with regard to interannual variations are plot-
ted. Note that the anthropogenic emissions of ozone pre-
cursors were identical during the two periods to isolate the
change in surface O3 due to climate change. Most models
simulate increase of surface O3 in southern Europe and de-
creasing O3 concentrations in northern Europe. EnvClimA
however, shows very small increases in surface ozone indi-
cating that the online coupling of gas phase components has
a small effect and that inclusion of changes in isoprene emis-
sions should have a larger effect. MATCH displays increas-
ing average O3 concentrations also in the North Atlantic east
of Iceland. This area coincides with a co-located region of
particularly pronounced temperature increase over this pe-
riod (cf. Fig. 2). The reason for the O3 increase is related to
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Fig. 7. Simulated April–September average O3 concentration at the lowest model level for the period 2000–2009. Coloured circles indicate
the observed values at the stations used in the model evaluation given in Table 3. Units ppb(v).
both the locally increasing temperatures – affecting the O3
chemistry – and to a shift in the average wind direction in
the area from south-west to a more southerly direction (not
shown) which results in a shift of the area inﬂuenced by re-
duced surface O3 concentrations due to dry deposition over
Iceland. MATCH is the only model that features decreasing
O3 concentrations over the Mediterranean Sea in a future cli-
mate. This could be caused by a relatively higher sensitiv-
ity in MATCH of O3 losses through photolysis and reaction
with water vapour. The reasons for reduced concentrations in
northern Europe have not been considered in detail, but both
cloudiness and precipitation increase in northern Europe in
the climate projection and time periods used here, leading to
increased scavenging of ozone precursors and less solar radi-
ation for driving the photochemistry in these areas. Maxima
in increased relative humidity in the Mediterranean are co-
located with the decrease in ozone simulated with MATCH
giving some support for the hypothesis that reaction with wa-
ter vapour could be part of the explanation.
The hemispheric model DEHM shows the largest cli-
mate induced increase of surface O3 concentrations of all
models. This is partly due to a larger temperature increase
in the global model data used to drive the DEHM model
and the resolution effect on isoprene emissions discussed
above. MATCH displays sharper gradients in the changes
in southern Europe between land and sea. Apart from En-
vClimA the SILAM model shows the least sensitivity of
surface O3 concentration to climate change. In the SILAM
model the increase in average summertime O3 concentra-
tion barely reaches 1ppb(v) in a few grid-cells. In MATCH
part of Spain, Italy and the Balkans get O3 increases larger
than 1ppb(v) while in DEHM most of south-eastern Eu-
rope gets summer mean O3 increases larger than 2ppb(v).
MATCH and EMEP also calculate signiﬁcant decreases of
average O3 in the northern part of the domain (i.e. north Nor-
way, Sweden, Finland and north-western Russia). Figure 9
also includes the average results for the MATCH, EMEP and
SILAM models. Since these models used identical input data
this panel shows the average sensitivity to climate change for
these models. The ensemble mean change of mean O3 for
these three models exceed 1ppb(v) in parts of the land area
in southern Europe.
The change in summer average daily maximum O3 con-
centration is shown in Fig. 10. While the absolute values of
the changes are larger than in the case of the average summer
time concentrations, the spatial features are similar. All mod-
els display a patchier pattern than in the case of the average
concentrations. MATCH is also still the only model featur-
ing decreasing daily maximum O3 concentrations over the
Mediterranean Sea in a future climate. The ensemble mean
changeofsummerdailymaximumO3 fortheEMEP,SILAM
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Fig. 8. Simulated April–September average daily maximum O3 concentration at the lowest model level for the reference period, 2000–2009.
Coloured circles indicate the observed values at the stations used in model evaluation given in Table 3. Unitsppb(v).
Fig. 9. Simulated April–September change 2000–2009 to 2040–2049 in average O3 concentration at the ﬁrst model level. Only changes that
are statistically signiﬁcant at the 95% level are plotted. Unitsppb(v).
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Fig. 10. Simulated April–September change 2000–2009 to 2040–2049 in average daily maximum O3 concentration at the ﬁrst model level.
Only changes that are statistically signiﬁcant at the 95% level are plotted. Units ppb(v).
and MATCH models exceed 1ppb(v) in parts of the land area
in southern Europe.
Figure 11 shows the change in April-September 95-
percentile of hourly O3 concentrations between the refer-
ence period and the future period. DEHM again stands out
with the largest increase of all models while SILAM features
the lowest increase. Although MATCH is the only model
simulating increase in the 95-percentile of O3 of more than
2ppb(v) in southern Spain, all models agree that the increase
in 95-percentile is more extended than the change in daily
maximum concentrations. Apart from MATCH, which still
simulates substantial O3 decreases in northern Europe all
models simulate a more widespread increase in the higher
percentiles of hourly O3 concentrations over Europe in a
future climate, indicating that climate impacts on O3 could
be especially important in connection with extreme summer
events such as experienced in summer 2003. The ensemble
mean change of April–September 95-percentile of hourly O3
concentrations for the EMEP, SILAM and MATCH models
is just below 2ppb(v) in parts of the land area in southern
Europe.
4 Discussion
In Table 4 we list the maximum positive signiﬁcant changes
for mean, daily max and 95-percentile of summer ozone for
the different models. It is clear that changes in isoprene emis-
sions are important for explaining part of the sensitivity of
the models. EnvClimA which excludes biogenic isoprene
emissions has the lowest sensitivity while DEHM which has
the largest absolute change in isoprene emissions has the
strongest sensitivity for all ozone measures studied. Other
factors than isoprene emission are important though. Al-
though SILAM has the second largest change in isoprene
emissions SILAM shows the lowest sensitivity after En-
vClimA while MATCH which has the smallest increase in
biogenic isoprene emissions has the second largest sensitiv-
ity to climate change. In the case of MATCH additional sen-
sitivity to climate changes is related to the inclusion of a de-
pendence on soil moisture for the dry deposition of ozone
as shown by Andersson and Engardt (2010). The range of
sensitivity for the different measures between the models is
about a factor of two. The simulated sensitivity of surface
O3 to changes in climate can be compared to results from
earlier studies e.g. Meleux et al. (2007); Forkel and Knoche
(2006, 2007); Hedegaard et al. (2008); Andersson and En-
gardt (2010). They simulate larger changes than shown here,
but in all these cases the climate projections used were based
on the SRES A2 scenario which gives a stronger climate
change signal. The time span over which the changes were
evaluated were also up to twice as long as the 40-yr period
used in this study. Katragkou et al. (2011) found changes of
similar magnitude as given here in summer mean ozone be-
tween the periods 1990–2000 and 2041–2050 using the A1B
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Fig. 11. Simulated April–September change 2000–2009 to 2040–2049 in 95-percentile O3 concentration at the ﬁrst model level. Only
changes that are statistically signiﬁcant at the 95% level are plotted. Units ppb(v).
Table 4. Maximum positive changes in mean, daily max and 95-
percentile of summer surface O3.
Mean Daily max 95-percentile
DEHM 3.6 5.9 9.8
EnvClimA 1.3 1.7 –
EMEP 1.7 2.2 4.1
SILAM 1.2 3.0 3.0
MATCH 3.0 3.4 5.4
Ensemble 0.9 1.3 2.0
climate scenario from the ECHAM5 model. Their simulated
surface ozone mostly decreases by 0.5–1ppb(v) over the Eu-
ropean domain and slightly increases over south-eastern Eu-
rope.Thechangesarefoundtobesigniﬁcantonlyovernorth-
ern and south-eastern Europe.
The change in surface ozone caused by climate change
should also be related to changes due to anticipated changes
in European precursor emissions. In an earlier study using
the EMEP model driven by climate data from HadCM3 and
SRES A1B, downscaled by HIRHAM to 25×25km2 reso-
lution, Ny´ ıri et al. (2010) found that the increase in daily
maximum O3 from the 2000’s to the 2050’s due to climate
change is overridden by changes in European O3 precursor
emissions.
Engardt et al. (2009) assessed changes in surface O3 and
AOT40 from 2004 to 2020. They concluded that emission re-
ductions would have a large beneﬁcial impact on near surface
O3 across Europe. Changes in AOT40 due to likely emis-
sion reductions were always larger than changes imposed by
climate change. In the northern part of Europe and along
the Atlantic coast, changes in AOT40 following increased
hemispheric O3 concentrations and climate change almost
counterbalanced the decrease in AOT40 dueto pan-European
emission reductions. Langner et al. (2012) used a suite of of-
ﬂine simulations with MATCH to compare the impact of cli-
mate change following regional downcsaling of ECHAM5
A1B-r3 and the HadCM3 global model by RCA3, to the an-
ticipated effect of air pollution emission changes according
to the RCP4.5 scenario from 2000 to 2050. From their analy-
sis it was clear that emission changes dominate over climate
changesindeterminingfutureO3 concentrationsoverEurope
during summer. A systematic underestimation of the peak
ozone values in the model may, however, underestimate the
detrimental increases in extreme ozone concentrations that
may occur in a future, warmer and drier, climate.
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5 Conclusions
We have studied the impact of climate change on surface O3
over Europe using four different CTMs and one CCM and
the same global projection of future climate under the SRES
A1B scenario. The following conclusions can be drawn:
1. The sensitivity of the simulated surface O3 to changes
in climate differ by about a factor of two among mod-
els, but the general pattern of change with an increase in
southern Europe is similar across several different mod-
els for the chosen climate projection. A subset of mod-
els and the ensemble also show signiﬁcant decreases in
parts of northern Europe.
2. Biogenic emissions of isoprene differ substantially be-
tween the CTMs ranging from 1.6 to 8.0Tgyr−1 for the
current climate. Also the simulated change in total iso-
preneemissionsbetweenthereferenceperiodandfuture
period varies substantially across models. Apart from
the different parameterizations used in the various mod-
els, differences in horizontal model resolution and cor-
responding horizontal resolution in temperature ﬁelds
are important factors contributing to these differences.
3. Ensemble mean changes between the periods 2000–
2009 and 2040–2049 in summer (April–September)
mean O3 and mean of daily maximum O3 are close to
1ppb(v) in parts of the land area in southern Europe
assuming no changes in anthropogenic air pollution
emissions. Corresponding changes of 95-percentiles of
hourly O3 are close to 2ppb(v) in the same region. In
northern Europe ensemble mean changes in mean and
daily maximum show negative changes while there are
no negative changes for the higher percentiles indicat-
ing that climate impacts on O3 could be especially im-
portant in connection with extreme summer events.
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